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ABSTRACT
A modified two-element membrane pressure vessel assembly has been used to monitor process
operational changes in a full-scale reverse osmosis (RO) water treatment plant (WTP). This
study evaluated the effectiveness of the assembly as an on-line monitoring device intended to
detect scale formation conditions when connected to an operating RO process train. This study
was implemented to support the requirements of a larger University of Central Florida (UCF)
research project ongoing at the city of Sarasota’s Public Works and Utilities (City) water
treatment facilities located in Sarasota, Florida. During the time-frame of this study, the City was
in the process of eliminating their sulfuric acid feed from the pretreatment system of their
existing 4.5 million gallon per day (MGD) RO membrane process. The City was motivated to
eliminate its dependence on sulfuric acid to reduce operating costs as well as reduce operation
health and safety risks associated with the use of the acid as a pretreatment chemical. Because
the City was concerned with secondary process impacts associated with acid elimination,
additional measures were desired in order to protect the full-scale process.

This thesis reports on the design, fabrication and installation of a third-stage two membrane
element pressure vessel “canary” sentinel monitoring device (Canary), its effectiveness as an online scaling monitor during full-scale acid elimination, and presents the results of the study. The
Canary sentinel device was controlled using the normalized specific flux of the two membrane
elements fed by a portion of the second stage concentrate of one of the City’s full-scale RO
process skids. Although the Canary demonstrated the ability to detect changes in an RO process
operation, scaling did not occur under the conditions evaluated in this study. An autopsy of one
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of the Canary elements revealed that no scaling had occurred during the acid elimination process.
Therefore, the Canary was found to be useful in its function as a sentinel, even though no scaling
was detected by the device after acid elimination at the City’s full-scale plant had been
accomplished.
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1.

INTRODUCTION

In pressure-driven reverse osmosis (RO) and nanofiltration (NF) membrane processes, between
sixty-five and seventy-five percent of pretreated feed water is converted to permeate water. The
remainder of the water exits the membrane process as concentrate, which contains the dissolved
solutes that did not permeate through the membrane. Pretreatment of the feed water is required to
control fouling and scaling in brackish water RO processes, and typically consists of the addition
of a scale inhibitor, an acid and a microfiltration process. These pretreatment processes are
normally required for brackish RO or NF processes, as the membranes can be damaged from
fouling and/or scaling occurences during operation.

Fouling is caused by materials such as colloids that are present in the raw water, reducing the
productivity of the membrane. Scaling is caused by the precipitation of a salt within the
membrane because feed stream solutes concentrate beyond saturation despite the effects of ionic
strength (Duranceau & Taylor, 2010). Some of these soluble inorganic compounds such as
calcium carbonate will supersaturate and precipitate in the membrane, causing scale to form
within the feed and concentrate channel. The specific scalant types that will precipitate out of
solution are based on limiting salt concentrations, and include precipitates such as calcium
carbonate, calcium fluoride, calcium sulfate, barium sulfate, strontium sulfate and various silica
complexes. Scaling is highly undesirable due to increases in energy consumption and increases
in operating cost. Increases in chemical cleaning frequencies may also be required, whereupon
repeated cleanings of the membrane to maintain productivity can cause damage to the thin-film
active layer of the membrane, affecting permeability and as a result, productivity. A loss of
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permeability will cause an increase in the head-loss in the feed-brine channel, which will require
an increase in the feed pressure in order to maintain the desired water flux production rate.

The conversion ratio or recovery (r) of membrane production is a function of scaling. It can be
increased or decreased depending upon the limiting salt of the water, as the recovery rate
indicates the amount of water that can be recovered before the solubility limit of the salt is
exceeded. If it is negative, it has precipitated in the feed water. Hence, the recovery is limited by
the precipitation of sparingly soluble inorganic compounds (van de Lisdonk, van Paassen, &
Schippers, 2000). Scale inhibitors are commonly added to feed water streams to allow the system
to operate at a permeate recovery rate in excess of the limiting salt constraints (American Water
Works Association, 2007).

In order to prevent scaling and/or fouling, membrane plants commonly incorporate chemical
feed systems, and may include the use of one or a combination of an acid (such as sulfuric or
hydrochloric acid) and a scale inhibitor as pretreatment chemicals to the RO membranes.
Although scaling may be controlled physically by lowering the RO process recovery so that the
solubility product is not exceeded, it has been reported that it is more cost-effective to control
scaling via the addition of conditioning chemicals (Nemeth & Seacord, 2000).

The use of sulfuric acid as a pretreatment chemical for the conditioning of the feed water to RO
membranes has historically been the method of choice in the United States to control calcium
carbonate solubility (Duranceau & Taylor, 2010). The handling of sulfuric acid requires
compliance with provisions of the Occupational Health and Safety Administration (OSHA),
requiring specific actions that are needed when handling this hazardous mineral acid
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(Environmental Safety and Health, 2008). Cost is also an important factor in utility operations
when considering the use of chemicals for pretreatment. Sulfuric acid prices have also risen
significantly in recent times, ranging as high as $353 per ton in October of 2008 to as low as $65
per ton prior to September of 2007 (Vargas, 2008).

Project Description

This study was implemented to support the requirements of a larger University of Central Florida
(UCF) Department of Civil, Environmental and Construction Engineering (CECE) research
project ongoing at the City of Sarasota’s Public Works and Utilities (City) water treatment
facilities located in Sarasota, Florida. During the time-frame of this study, the City was in the
process of eliminating their sulfuric acid feed from the pretreatment system of their existing 4.5
million gallon per day (mgd) RO membrane process. The City was motivated to eliminate its
dependence on sulfuric acid to reduce operating costs as well as reduce operation health and
safety risks associated with the use of the acid as a pretreatment chemical. The City was to
remain feeding its long-standing scale inhibitor as a pretreatment chemical to reduce sulfate scale
formation within the membrane feed and concentrate channels. Because the City was concerned
with secondary process impacts associated with acid elimination, additional measures were
desired in order to protect the full-scale process.

The City’s acid elimination protocol called for a conservative approach; which consisted of
reducing the acid dose in small increments until the pretreatment acid feed was completely
eliminated and the feed water was at an average ambient pH. The steps include pH increments of
5.8 (pH of raw water with acid), 6.05, 6.3, 6.5, 6.7, 6.9 and 7.1 (ambient pH). During the acid
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elimination procedure, the water was assumed to have increasing scaling potential relative to
calcium carbonate, as there would no longer be a pH suppressant added. Although the City
would continue to rely on its historically-proven synthetic scale inhibitor chemical for the
dispersion and interruption of sulfate scale formation from within the feed-concentrate channel,
the removal of the charged species sulfate from the feed stream (due to the elimination of
sulfuric acid) would also affect the scaling of non-carbonate precipitates such as calcium sulfate,
barium sulfate and strontium sulfate.

Consequently, with an aim to evaluate the potential for calcium carbonate to precipitate within
the second stage of the membrane process, a two membrane element pressure vessel monitoring
device (Canary) was designed, constructed and installed at the tail-end of one process skid prior
to the commencement of acid elimination procedures. Monitoring was accomplished by
measuring the feed pressure, differential pressure (ΔP) across the Canary membrane, and
normalized specific water flux. Because the Canary was designed to receive a portion of the
second stage concentrate stream as its feed water, it thus acts as a third stage to the RO process.
Should calcium carbonate scaling occur during or after the sulfuric acid elimination from the
full-scale process pretreatment system, it was reasoned that scaling would occur within the
Canary (simulating the third stage) prior to scaling occurring within the second stage.

This thesis presents the results from the use of a Canary assembly as a monitoring device to
detect scaling in full-scale RO processes as acid pretreatment is reduced or eliminated from a
full-scale process feed stream. The review and modification of the Canary process equipment
configuration is also discussed.

4

Objectives

The City had requested that UCF CECE assist in the City’s implementation of its full-scale RO
process acid elimination procedures. UCF CECE was also responsible for the observation of the
original equipment manufacturer Harn R/O Systems, Inc. (Harn) based in Venice, Florida as they
installed the research Canary pressure vessel device to the tail-end of one of the City’s RO
process trains prior to the transition away from the use of sulfuric acid as a pretreatment
chemical for carbonate chemistry control. The existing scale inhibitor would remain in place for
sulfate chemistry control. The tasks that would be accomplished by UCF CECE in support of this
research described herein included:

1. Observation of Harn in their implementation and installation of the City’s Canary
pressure vessel within the City’s RO process prior to the City’s transition to no sulfuric
acid pretreatment.
2. The continuous monitoring and evaluation of the following parameters:
a. third stage feed, permeate and concentrate pressures and water stream
conductivities;
b. third stage ΔP;
c. second and third stage normalized specific flux;
d. third stage permeate and concentrate flow-rates;
e. RO process and third stage water quality parameters identified for monitoring in
the acid elimination protocol developed jointly by the City, UCF CECE and Harn;
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3. The review and verification of Canary process equipment configuration during the fullscale transition of the City’s RO process to no acid feed would be required as different
conditions may lead to scaling in the full-scale plant.
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2.

REVIEW OF EXISTING FACILITIES
Overview

The following chapter provides a review of the existing water treatment facility from which this
research study was conducted. The City of Sarasota operates, maintains and provides capital
reinvestment for its’ potable water system that is maintained by the City of Sarasota Public
Works Department and which serves the residents that live within the incorporated city limits
(Sarasota City Plan -Utilities Support Document, 2008).This chapter is presented in several
sections, including the Description of the Facility, Existing Treatment Processes and Existing
Water Quality Conditions.

Description of Facility

The research presented in this thesis was conducted at the City of Sarasota’s WTP, which is
currently allotted an annual average daily demand (AADD) withdrawal of 12 million gallons per
day (MGD) of drinking water. This is regulated through state water use permits by the Southwest
Florida Water Management District (SWFWMD). The potable WTP consists of raw water
supply facilities, a WTP, distribution system, storage and pumping facilities. Each treatment
process utilized in the City’s WTP contributes a portion to the total production; the RO process
contributing 4.5 MGD and the ion exchange (IX) process contributing 7.5 MGD, of which 2.3
MGD is blended bypass water.
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Existing Water Quality Conditions

The City’s water supply is provided by two sources: the Verna Wellfield which is located 17
miles east of the City WTP, and the Downtown Wellfield (part of the Lower Hawthorn Aquifer),
which is located in the northwest area of the City. The Downtown Wellfield consists of a
network of eight brackish wells, as shown in figure 2-1.

Figure 2-1: Existing Potable Water Facilities within City
8

Typical of groundwater sources in Florida due to the association with limestone and carbonate
mineralogy are characteristics such as higher concentrations of base cations, higher alkalinity,
higher hardness and higher ionic strength (Edzwald, 2011). A summary of the raw water quality
is presented in Table 2-1. As noted below, the total hardness for the Downtown Wellfield is
higher than that for the Verna Wellfield (1104 versus 541.7 mg/L CaCO3). The alkalinity also
ranges from 137.9 mg/L to 163.1 mg/L as CaCO3 for both wellfields. The Downtown Wellfield
has a higher TDS content (2143 mg/L) compared to the Verna Wellfield (791.4 mg/L). At an
average pH of 7.2 to 7.7, the alkalinity is primarily in the form of bicarbonate.
Table 2-1: Raw Water Quality Data

Raw Water Quality
Parameter

Downtown Wellfield

Verna Wellfield

pH

7.2 + 0.05

7.64 + 0.12

Temperature (oC)

29.5 + 0.39

26.1 + 3.3

Turbidity (NTU)

0.12 + 0.02

0.30 + 0.39

Conductivity (µS/cm)

3160 + 11.55

1080 + 70

TOC (mg/L)

0.66 + 0.06

1.78 + 0.52

Sulfate (mg/L)

805.9 + 19.7

415.1 + 45.1

Chloride (mg/L)

492.4 + 7.5

19.4 + 10.4

Alkalinity (mg/L as CaCO3)

139.4 + 1.54

158.4 + 4.7

Total Hardness (mg/L as CaCO3)

1103.5 + 30.4

541.7 + 44.7

TDS (mg/L)

2143.1 + 35.9

791.4 + 69.4
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Existing Treatment Processes

The City uses a combination of treatment processes such as RO-IX and conventional
groundwater treatment by tray aeration. The Downtown Wellfield has a permitted average
annual withdrawal capacity of 6 MGD of raw water for the RO process, effectively producing
4.5 MGD of finished water (a 75% recovery or 1.5 MGD loss). The Verna Wellfield effectively
provides 7.9 MGD to the IX process, which has been implemented within the City WTP for
hardness removal.

Reverse Osmosis Process
The Downtown wells pump into a common manifolded well piping network which feeds into the
RO system (Duranceau, et al., 2003). The raw groundwater is first dosed with two pretreatment
chemicals in order to mitigate the precipitation of sparingly soluble inorganic compounds such as
calcium carbonate and strontium sulfate. Sulfuric acid is stored locally at the WTP in tanks, and
is primarily used to suppress the pH of the raw groundwater to 5.8. Subsequently, a small dose of
scale inhibitor is fed to the acidified water to effectively and simultaneously control sulfate
scaling. The chemically treated groundwater is then passed through cartridge filters which
remove fine particulates that may damage or cause foulant accumulation on the membrane
surfaces.

After pretreatment, the groundwater is pumped into the RO membrane process at a pressure
ranging anywhere from 150 to 200 pounds per square inch (psi). The RO process consists of
three separate trains each designed to produce 1.5 MGD of finished water from 2.0 MGD (a
recovery of 75%). The 25% loss is the result of processing raw water into finished water, in
10

which the unfinished water is then discharged into Hog Creek to support habitat restoration by
design (Sarasota City Plan -Utilities Support Document, 2008). Each train contains two stages, of
which the first stage contains 28 pressure vessels (PV) and the second stage contains 14. Each
pressure vessel (PV) contains 6 low pressure membrane elements within.

The RO finished water is then sent through a degasifier system for the removal of excess
carbonic acid (dissolved carbon dioxide) and hydrogen sulfide gases. The post-degasified water
is then dosed with caustic for the recovery of alkalinity and for corrosion control since the
finished water contains little to no alkalinity, resulting in an aggressive water that has a low
buffering capacity.

Ion Exchange Process
The Verna Wellfield provides 7.9 MGD for treatment. The raw groundwater receives primary
treatment consisting of aeration through tray aeration, chlorination and retention in a one million
gallon (MG) ground storage reservoir (GSR). Seventy percent of this water is then treated by the
IX process, while the remaining 30 percent is bypassed before being re-blended with the IX soft
water. This water is then blended with the post-degasified RO finished water to provide a final
blend that is chlorinated for disinfection purposes and then pumped to a final blend storage tank.
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3.

LITERATURE REVIEW

An Overview of Reverse Osmosis

Reverse Osmosis (RO) is a membrane-based demineralization technique used to separate
dissolved solids, such as ions, from solution (Kucera, 2010). RO membranes reject dissolved
solids as well as suspended solids; however, suspended solids will collect on the membrane
surface and typically foul the membrane. Advances in RO membrane technology include the
implementation “low pressure” RO membranes that allow the membranes to operate at lower
pressures and lower temperatures (<50oF or 10oC). Commonly used in water treatment are thinfilm composite membranes as they primarily provide higher rejection characteristics and lower
operating pressures. In the case that the source water is highly organic, cellulose acetate
membranes are commonly used as this material provides limited membrane fouling and less
cleaning frequencies.

Membrane Module Configurations
Basic membrane module configurations are constructed in such a way that a large amount of
membrane area can be packed into a relatively small volume. This allows for economically
feasible systems which can be replaced in smaller modules as opposed to system wide
replacement. The basic membrane module configurations include plate-and-frame, tubular, spiral
wound and hollow fine fiber. These module types and their basic properties are compared in
table 3-1. Plate-and-frame modules were amongst the earliest types of membrane systems with a
design based on conventional filter press principles. When compared with other module types,
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the plate-and-frame design carries leak issues associated with gasket seals and a comparatively
high production cost. These issues have limited the usage of this module type. Tubular modules
offer low capital cost compared to other types of modules, however, they offer low tolerance to
pH changes, pressures and temperature. The use of hollow-fine fiber modules has slowly been
outdated due to their high fouling and plugging potential. Their use is limited to source waters
with low suspended solids content.
Table 3-1: Comparison of Basic RO Membrane Module Configurations (Kucera, 2010)
Plate-andFrame

Tubular

Spiral
Wound

Hollow
Fine Fiber

45-150

6-120

150-380

150-1,500

Moderate

Low

High

Very High

Ease of Cleaning

Good

Excellent

Poor

Poor

Relative
Manufacturing Cost

High

High

Moderate

Low

Property
Packing Density,
ft2/ft3
Potential for
Fouling

The most commonly used configuration to date are spiral wound modules, due to their fairly high
packing density, which ranges anywhere from 150-380 ft2/ft3. Typical for spiral wound
configurations are 8-inch diameter membrane modules that contain approximately 16 leaves, and
each leaf is about 50 inches in length (Kucera, 2010).

For spiral wound membranes, the pathway of the feed water enters the membrane module
tangentially to the membrane surface, allowing for finished water (permeate) collection through
the permeate spacer into the perforated permeate tube. For piping simplification, permeate water
usually exits the module through one end of the permeate tube.
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Membrane Basic Flow Patterns
The knowledge of how flow patterns function throughout RO processes is elemental in
understanding the principle behind this desalination method. Basic terminologies that are used to
describe RO membrane processes include arrays (commonly termed skids or trains), stages and
multiple trains. An array or skid consists of a given number of pressure vessels aligned in
specific patterns relative to the water flow. The array design is constructed or designed after the
feedwater and permeate flows are known. Within the skid, the pressure vessels are organized into
sets; for example, figure 3-2 displays a five pressure vessel system. Three pressure vessels are in
series, followed by two pressure vessels, which are parallel to the first three pressure vessels.
Each set of pressure vessels in parallel is termed a stage.

Figure 3-1: A 3:2 Membrane Element Array with Two Stages

Membrane arrays can vary from one to three stages with multiple membrane elements connected
in series within each stage. The permeate recovery varies with the amount of stages included in
the membrane array design, with typical design including six 40-inch long membrane elements
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per pressure vessel. A two stage array can achieve about 50-75% permeate recovery, and with
spiral wound membranes, the recovery can be increased beyond 75% by increasing the number
of elements per pressure vessel or by recycling a portion of the concentrate to a point before the
first stage.

Multiple train systems allow for a system to contain more than one RO unit installed in a series
pattern, from which the permeate water from the first unit becomes the feedwater to the second
unit. This is desirable in potable water treatment systems as permeate quality is improved
through the increase in rejection of bacteria, pyrogens and organic matter. This second-stage
system is capable of treating between 10-25% of the first-stage permeate flow (American Water
Works Association, 2007). This flow is then blended with the first-stage permeate to reduce
pathogens of concern to below target level. These second-stage systems for the desalination of
water are most commonly used for the regulation of TDS, although regulatory actions are driving
its use for the reduction of boron concentrations.

Types of Filtration
Typically, RO processes utilize cross-flow filtration, as dead-end filtration is considered a batch
process in which virtually most of the feedwater passes through the membrane. This type of
filtration consists of one influent stream and one effluent stream. In contrast, with cross-flow
filtration, the feed water will pass tangentially over the membrane surface as opposed to passing
perpendicularly to it. With one feed stream, cross-flow filtration (as shown in figure 3-3) will
yield two effluent streams. The primary advantage of cross-flow filtration is the minimization of
fouling or scaling of the RO membrane.
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Figure 3-2: Cross-flow Filtration

Pretreatment

The preservation of membrane integrity is fundamental in order to maximize the efficiency and
durability of RO membrane processes. The most efficient method in preservation is through
pretreatment of the raw water source; the type of pretreatment will be dictated by the source
water quality and permeate standards. The failure to properly implement an inhibitor program by
chemical decomposition can result in severe scaling and fouling of RO membranes in a short
period of time (Al-Rammah, 2000).

Typically, for polyamide membranes that are not particularly sensitive to pH changes, chlorine is
avoided as a pretreatment chemical due to its strong oxidizing properties. Cellulosic membranes,
however, require chlorine levels of 1 mg/L Cl2 or less for controlling biological growth that can
feed off of the cellulose structure. As the membrane service life increases, chlorine will begin to
facilitate oxidation of the membrane material (American Water Works Association, 2007).
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Membrane Fouling
Membrane fouling will occur as a result of the deposition of suspended solids or organics onto
the membrane surface, typically on the feed/concentrate side. In order to minimize fouling of
membrane surfaces, the generally-accepted water quality guidelines shown in table 3-2 should be
followed.
Table 3-2: Generally-Accepted Water Quality Guidelines to Minimize RO Fouling
Species

Measure

Value

Suspended Solids
Colloids
Microbes
Organics
Color

Turbidity
Silt Density Index (SDI)
Dip Slides
TOC
Color Units

< 1 NTU
<5
< 1,000 CFU/ml
< 3 ppm
< 3 APHA

Metals: iron, manganese,
aluminum

Concentration

< 0.05 ppm

Hydrogen Sulfide

Concentration

< 0.1 ppm

Particulate monitoring is effectively achieved through assessment of the turbidity content and the
silt density index (SDI). As per the American Society for Testing and Materials (ASTM) method
D4189, SDI can be measured based on the rate of plugging a standard 0.45µm membrane filter at
a pressure of 30 psi.

Fouling is typically avoided as it will create a higher than normal operating pressure and a higher
than normal pressure drop. It can be mitigated through coagulation, flocculation, sedimentation,
filtration and other methods.
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Membrane Scaling
The precipitation of saturated salts onto the surface of the membrane is known as scaling. This
will occur at certain degrees of concentration, where the solubility limit of various salts is
exceeded. Indications of scaling include a high membrane flux, an increase in ΔP, a lower than
expected salt rejection or a low cross-flow velocity. As scaling can irreversibly damage the
membrane, it should be mitigated through the use of pretreatment chemicals to avoid frequent
membrane replacement. Waters with high scaling potential include waters with high
concentrations of calcium, barium, strontium, sulfates and carbonates.

When scaling induces the precipitation of a salt within the membrane, the limiting salt is
produced. The limiting salt occurs when a diffusion controlled membrane process naturally
concentrates salt on the feed side of the membrane, leading to a buildup of concentration and
eventually to the precipitation of that salt. It is determined through the comparison of the
concentration of each salt present in the water and their solubility products.

Scaling indices are also used to aid in determining whether a salt will scale in an RO membrane.
The Langelier Saturation Index (LSI) and the Ryznar Stability Index (RSI) are commonly used to
predict carbonate scale potential. The LSI method quantifies the scaling or corrosion tendency of
the water and is dependent upon factors such as the ambient water pH, the saturation pH (pHs;
the pH at which calcium carbonate saturation occurs), temperature, salinity (TDS), calcium
hardness and alkalinity of the water in question. It is determined using equations 3-1 and 3-2:
LSI = pH – pHs
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(3-1)

Where:

pHs = (9.30 + A + B) – (C + D)

(3-2)

A = (log10[TDS]-1)/10, where [TDS] is in ppm;
B = -13.12 × log10(oC + 273) + 34.55;
C = log10[Ca2+] – 0.4, where [Ca2+] is in ppm CaCO3;
D = log10[alkalinity], where [alkalinity] is in ppm CaCO3.
The use of the LSI calculation is applicable for brackish water concentrate streams containing
less than 10,000 mg/L of TDS (ASTM, 2010). If predicting carbonate scaling for a higher
salinity water, such as seawater, the Stiff and Davis Stability Index (S&DSI) should be applied
(Stokke, Seacord, Maillakakis, & Hawes, 2010). Table 3-3 is indicative of quantifying the LSI,
where if the LSI is greater than zero, the water has a tendency to form calcium carbonate scale, if
the LSI is equal to zero, the water is in chemical balance, and if the LSI is less than zero, the
water may tend to be corrosive.
Table 3-3: Langelier Saturation Indices Classification
LSI
3.0
2.0
1.0
0.5
0.2
0.0
-0.2

Condition
Extremely severe scaling
Very severe scaling
Severe scaling
Moderate scaling
Slight scaling
Stable (no scale)
No scale, very slight tendency to dissolve scale

The Ryznar Stability Index (RSI) is an attempt to correlate an empirical database of scale
thickness observed to the water chemistry. Comparable to the LSI, the RSI quantifies the
relationship between calcium carbonate saturation state and scale formation. However, the RSI
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provides a closer correspondence between calculated predictions and results obtained in the field,
and consequently have replaced the LSI in many applications (Chien, Kao, Chen, Dong, &
Chien, 2009). The RSI can be determined by equation 3-3:
RSI = 2(pHs) - pH

(3-3)

If the RSI is significantly less than 6, the scale tendency increases. If it is significantly greater
than 7 or 8, the formation of calcium carbonate may not lead to a protective corrosion inhibitor
film, as mild steel corrosion becomes an increasing problem.

Since scaling is a concentration phenomenon, it goes to reason that scale would be most likely
found in the last stage of an RO process where the concentration of salts is the highest (Kucera,
2010). Therefore, the LSI and RSI should be closely monitored in the third stage.

Transport Models

RO processes are based on transport theory, which are mathematically based models describing
the transport of mass through RO membranes. The solution-diffusion model best describes the
performance of “perfect”, defect-free membranes and is considered the leading theory on
membrane transport (Kucera, 2010).

Solution-diffusion transport of mass describes the molecule of interest as dissolving in the
membrane and then diffusing through it. This occurs for both the solvent and solute in solution;
however, their transport is independent of one another. Diffusion occurs by movement of the
water and solute molecules in the down-gradient direction of the driving force and separation
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occurs when the flux of the water is different from the flux of the solutes (Crittenden, Trussell,
Hand, Howe, & Tchobanoglous, 2005).

On the basis of rejection mechanisms such as electrostatic repulsion at the membrane surface,
solubility and diffusivity through the membrane material due to chemical effects and straining
due to size and chemical properties of molecules, dissolved gases such as hydrogen sulfide (H2S)
and carbon dioxide (CO2) will permeate through RO membranes. This is due to their water-like
properties, which include being small, uncharged and polar. Other constituents which permeate
well include monovalent ions such as sodium (Na+) and chloride (Cl-) as their electrostatic
precipitation is less than those of divalent ions such as calcium (Ca2+) and magnesium (Mg2+).
RO membranes are capable of rejecting up to 99 percent of monovalent ions (Crittenden,
Trussell, Hand, Howe, & Tchobanoglous, 2005).

The mathematical models presented herein express flux as the product of a mass transfer
coefficient and a driving force, which is the net pressure differential for water flux through an
RO membrane. The industry-standard ASTM-normalized flow method is defined, which was
adopted from the ASTM-D4516 method; a procedure which normalizes permeate flow (Qp) and
salt passage for an RO membrane process (Zhao & Taylor, 2005). The net pressure differential
can be expressed as the difference between the applied and osmotic pressure differentials as
shown in equation 3-4:
∆Pnet = ∆P - ∆Π = [(PF + PC)/2 - PP] – [(ΠF + ΠC)/2 – ΠP]

(3-4)

ΠT = KTDS ×TDS(ppm) = [1psi/100mg/L] ×[(TDSF + TDSC)/2 – TDSP]

(3-5)
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Where ∆P is known as the net trans-membrane pressure and subscripts F, P and C refer to the
feed, permeate and concentrate pressure, respectively. The osmotic pressure gradient is the
difference between the feed-brine and the permeate concentrations and can be estimated using
the total dissolved solids (TDS) method shown in equation 3-5. It is well established that for
every 100 mg/L of TDS that is present in the feed water, one psi of osmotic pressure will be
present within the membrane feed channel.
The water flux is normally reported as a volumetric flux (gal/ft2-day or L/m2-h), which describes
the flux through an RO membrane (as shown in equation 3-6).
JW = Qp/SAM

(3-6)

QP represents the permeate flowrate through the corresponding membrane stage and SAM
represents the total surface area of the membrane element. Since the water quality of the
permeate is controlled by mass transport of the dissolved constituents, an increase in the flux of
the water suggests an increase in the production, as there is a decrease in the concentration of
dissolved constituents in the permeate (Stokke, Seacord, Maillakakis, & Hawes, 2010).

As membrane performance (relative to the permeate flow) declines due to fouling, scaling and
aging, the evaluation of a true decline in a membrane process performance should be evaluated
by mathematically relating actual conditions to standard conditions. These standardized
procedures incorporate temperature correction factors (TCF). As temperature affects fluid
viscosity, relationships have been developed to express flux and fluid viscosity using a TCF:
TCF = (1.03)T-25
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(3-7)

JW,A = (JW,ST)/(1.03)T-25

(3-8)

T represents the temperature in degrees Celsius. As the TCF is specific to the type of membrane
material and type (e.g., cellulose acetate, polyamide or composite in a spiral or hollow fiber
configuration), values should be provided by membrane manufacturers. However, if unavailable,
equation 3-7 provides a relationship which is applicable to membranes containing pores.
Equation 3-7 can then be integrated with equation 3-6 to provide a volumetric flux at actual
conditions as shown in equation 3-8.
After correcting the volumetric flux for temperature, it can be normalized with the net ΔP
expressed in equation 3-9.
JW,N,A = (JW,A)/∆Pnet

(3-9)

Data for the assessment of permeate flow is normalized to correct for changes in operational
parameters. This method herein normalizes the permeate flow for the evaluation of long-term RO
membrane performance.

Alternative Modeling Methods

Alternative methods have been investigated in order to reliably monitor membrane process
performance and detect membrane fouling and scaling development before significant or
irreversible loss of performance efficiency occurs (Saad, 2004). In comparison to the ASTM
method of assessing membrane performance, the mass transfer coefficient (MTC) for water (Kw)
and solutes (Ks) can be monitored over operational time of the process. This is more commonly
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known as the homogeneous solution diffusion model (HSDM), a model which describes the
steady-state permeation of water and solutes through diffusion controlled membranes (Zhao &
Taylor, 2005). The HSDM method also incorporates recovery of the membrane process through
a relationship between the feed and permeate streams while considering variation in the flux.

The detection of scaling may also be determined through mass balances of the species which
may precipitate in the membrane concentrate stream. However, the mass balance approach can
be arduous and may suffer from inaccuracies in flow measurements and analysis (van de
Lisdonk, Rietman, Heijman, Sterk, & Schippers, 2001).

Scaling may also be detected in an RO membrane process by calculating the super-saturation
ratios of sparingly soluble compounds at the membrane surface (van de Lisdonk, Rietman,
Heijman, Sterk, & Schippers, 2001). This method incorporates the calculation of the supersaturation ratio (Sr) through the use of the concentration polarization, as shown in equation 3-10.
Sr = [[(γ+ × c+)v+ × ( γ_ × c_ )v-]/Ksp]1/v

(3-10)

Where c+ and c- represent the total concentration of free cations and anions, respectively, and v is
equal to the sum of v+ and v_, which is the number of cations and anions in the precipitate. Ksp is
the temperature dependent solubility product. When Sr is greater than one, the compound is
supersaturated and scaling may occur. The Sr will be at a maximum at the concentrate side of the
last membrane in the process, which contains the highest risk of scaling potential.

24

Post-Treatment Monitoring

As stated previously, dissolved gases such as hydrogen sulfide (H2S) and carbonic acid
(dissolved CO2) will permeate through an RO membrane process due to their gaseous form at
low pH values. Therefore, degasification and/or air stripping is incorporated into a WTP for the
removal of these gases. Post-treatment may also include the use of pH adjustment, alkalinity
recovery, corrosion control and disinfection before it is distributed to the public for consumption
(Duranceau, 2009). Although the degasification process is effective in the removal of H2S, it
may not be as efficient in the removal of other types of sulfur species. Thus, if acid is removed
from the feed water into the RO membrane process, the addition of a less concentrated acid (e.g.,
carbonic acid) may be implemented in order to suppress the pH to around 5.8, which is an
acceptable pH range to maintain the sulfur species in the form of H2S gas as opposed to the ionic
form of HS-. This is observed in equations 3-11 and 3-12. At a pH of 7, only fifty percent of
hydrogen sulfide exists in the gaseous form, therefore, pH adjustment is normally implemented
for the improvement of degasification removal efficiency (Duranceau, 2009). Turbidity
(elemental sulfur) will not form if the pH is maintained below six post RO treatment.
H2S(g) ⇔ H+ + HS-(aq)

HS-(aq)⇔ H+ + S2-(aq)

pKa1 = 7.0

(3-11)

pKa2 = 14.0

(3-12)

Since alkalinity is removed by the RO membrane process, the buffering capacity of the permeate
water will be relatively low, allowing for a smaller dose of acid than that required for RO
pretreatment (Stokke, Seacord, Maillakakis, & Hawes, 2010).
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4.

MATERIALS AND METHODS
Overview

This chapter provides an overview of the experimental plan, materials (Canary, instrumentation
panel, lab equipment, etc.) and methods used to conduct this study. Also discussed in this chapter
are an overview the methods used for sampling procedures, performance monitoring of the
Canary equipment, water quality analysis, data analysis procedures and laboratory quality and
assurance control procedures.

Experimental Plan

The principal goals of this research were to monitor the effectiveness of implementing a two
membrane element pressure vessel assembly as a scaling monitor of an RO membrane process as
the City incrementally reduced or eliminated the sulfuric acid feed from the existing pretreatment
system. The effectiveness of the Canary scale monitor would be determined through its ability to
detect scaling conditions in the third stage of the process, which would in turn act as an alert to
possible scaling in the second stage of the full-scale process. Process performance and water
quality monitoring data was compiled to ascertain the effectiveness of the Canary as an on-line
detection device.

During the course of this study, the flux rates of the water across the second and third stage of
the RO process were monitored for comparison of performance quality. These results were used
to identify possible water quality impacts due to the absence of sulfuric acid in the pretreatment
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system, as well as to observe scaling tendencies through a corresponding decline in water flux
rates. Water quality analyses were also performed weekly on samples collected from the Canary
assembly to compare the overall RO process performance while the acid elimination was
ongoing.

Water Quality Parameters
Significant parameters that were monitored on a regular basis for the Canary included pH,
temperature, turbidity, conductivity and total dissolved solids (TDS). TDS values are measured
for their contribution towards the calculation of the osmotic pressure of the third stage Canary.
Other characteristic parameters that were evaluated on a less frequent basis (once during each
acid elimination step, for overall system including the raw water supply, the RO process and the
Canary, the IX process and post-treatment processes) included:
•

Total organic carbon (TOC);

•

Total alkalinity;

•

Calcium and total hardness;

•

Sulfate and sulfide;

•

Chloride;

•

Metals such as magnesium, calcium, strontium, potassium, sodium, barium, manganese
and silica.
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Third Stage Canary Equipment

The Canary assembly can be observed in figure 4-1. The Canary incorporates two HydranauticESPA2 low pressure, spiral wound RO membrane elements. This particular membrane is
comprised of composite thin-film polyamide material and has an active area of 400 ft2 (37.1 m2).

Figure 4-1: Canary Pressure Vessel Assembly and Attachment to Process Train

The Canary was installed at the tail-end of the second stage membrane process and tapped onto
two membrane elements. As shown in figure 4-2, both the actual connection and schematic are
shown. This location allowed for a portion of the concentrate stream from the second stage of
one of the City’s full-scale 1.5 MGD process trains to serve as the feed source of the Canary
assembly. The Canary was equipped with a feed water and concentrate control valve, which may
be adjusted to vary the recovery rate.

28

Figure 4-2: Canary Piping and Flow Configuration to Second Stage of RO Process

The Canary assembly was monitored for pressure and flowrates three times per day by the City
operating staff via an instrumentation panel equipped to the Canary. The instrumentation panel is
depicted in figure 4-3, and displays continuous measurement of the feed, concentrate, and
permeate pressures (in psi) as well as permeate and concentrate flow-rates using rotameters (an
industrial flowmeter used to measure the flowrate of liquids using a tube and float, in gallons per
minute (gpm)). Feed and concentrate valves were installed to allow for manual adjustment of
flowrates if a higher or lower recovery was desired.
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Figure 4-3: Instrumentation Panel for Monitoring of Canary Assembly

Third Stage Canary Installation
A method desired to detect scaling prior to its initiation in the second stage of the full-scale plant
was achieved with the Canary assembly. The principal of the scale monitor is shown in figure 44, where the two membrane element Canary is fed by a portion of the second stage concentrate.

Figure 4-4: Canary Connection to Concentrate of RO Membrane Process
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The Canary assembly was installed approximately one month before the acid elimination phase
commenced. It was installed below the third train of the RO process, as there is no hydraulic
disparity between installation above or below the train. An acceptable height was maintained
between the ground and the bottom of the train for efficient installation, removal or maintenance
of the assembly.

Methods and Materials

The methods and equipment used within the lab and in the field for water quality analysis are
presented in table 4-1. The primary method used for the measurement of each constituent was
practiced using the Standard Methods for the Examination of Water and Wastewater (Eaton,
Clesceri, Rice, & Greenberg, 2005).

Testing Procedures

Weekly samples were collected from the Canary for the feed, permeate and concentrate streams.
For less frequently tested analytes (listed under water quality parameters), samples were
collected from the WTP on a monthly basis. Samples were collected using appropriate containers
and associated preservation techniques (if required) prior to transport to the laboratory.

Sampling Procedure
Samples were preserved or analyzed in accordance with table 4-2. Following arrival at the
laboratory, samples were refrigerated at 4oC if called for by procedure.
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Table 4-1: Methods and Equipment for Water Quality Analysis

Turbidity

Location
Tested
Field

pH

Field

Temperature

Field

Conductivity

Field

Sulfide
Total Alkalinity

Field
Lab

Total Organic
Carbon

Lab

Total Dissolved
and Suspended
Solids

Lab

Analyte

Sulfate

Lab

Method and/or Equipment Description
Hach 2100q Portable Turbidimeter
HQ40d Portable pH, Conductivity and
Temperature Meter
HQ40d Portable pH, Conductivity and
Temperature Meter
HQ40d Portable pH, Conductivity and
Temperature Meter
SM: 4500-S2- F. Iodometric Method
SM: 2320 B. Titration Method
SM: 5310 C. Persulfate-Ultaviolet
Oxidation Method/Tekmarr-Dohrmann
Phoenix 8000: The UV-Persulfate TOC
Analyzer
SM: 2540 C. Total Dissolved Solids Dried
at 180oC, SM: 2540 D. Total Suspended
Solids Dried at 103-105oC
SM: 4500 SO42- E. Turbidimetric
Method/HACH Spectrophotmeter DR6000
SM: 4110 B. Ion Chromatography (IC)
with Chemical Suppression of Eluent
Conductivity
SM: 4500 Cl- B. Argentometric Method

Chloride

Lab

Magnesium

Lab

Calcium

Lab

Manganese

Lab

Strontium

Lab

SM: 4110 B. Ion Chromatography (IC)
with Chemical Suppression of Eluent
Conductivity
SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer
SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer
SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer
SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer
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Method
Detection Level
0.01 NTU
0.01 pH Units
0.01 °C
0.01 μS/cm
0.1 mg/L as S
5 mg/L as CaCO3
0.1 mg/L

2.5 mg/L
1.0 mg/L

0.018 mg/L
1.0 mg/L

0.1 mg/L
0.03 mg/L

0.01 mg/L

0.02 mg/L

0.0005 mg/L

Analyte

Location
Tested

Potassium

Lab

Sodium

Lab

Barium

Lab

Silica

Lab

Method and/or Equipment Description

Method
Detection Level

SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer
SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer
SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer
SM: 3120 B. Inductively Coupled Plasma
(ICP) Method/Inductively Coupled Plasma
Spectrometer

0.1 mg/L

0.03 mg/L

0.002 mg/L

0.02 mg/L

Table 4-2: Sampling and Handling Requirements
Analyte

Preservation Technique

UV Absorbing
Organics

Analyze immediately; or refrigerate and
add HCl, H3PO4 or H2SO4 to pH < 2
Analyze immediately; or store in dark up
Turbidity
to 24 hours, refrigerate
pH
Analyze Immediately
Anions (Cl, SO4, Br)
Refrigerate at 4oC
Alkalinity
Refrigerate at 4oC
Metals
Add HNO3 to pH < 2

Holding Time
Recommended Regulatory*
7 days

28 days

24 hours

48 hours

0.25 hours
28 days
24 hours
6 months

0.25 hours
28 days
14 days
6 months

*Refer to USEPA. 1992. Rules and Regulations. 40 CFR Parts 100-149 (USEPA, 1992).

Turbidity, pH, temperature and conductivity measurements were taken immediately after sample
collection on site. Alkalinity and TOC analyses were performed within a 24 hour period of
collection. Sulfate and chloride samples were first filtered using a 0.45 µm pore membrane and
then stored in vials and stored at 4oC for analysis by the IC. Prepared metal analysis vials
containing sample water were then acidified in a 2 percent nitric acid solution and stored at 4oC
for analysis by the ICP method.
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Canary Data Analysis
The data collected by the City operating staff was used to determine membrane performance
through monitoring of trends in the normalized specific flux and ΔP (equations presented in
Chapter 3 – Transport Models). When presenting this data through graphical representation, it
was sufficiently accurate to exclude any data points that lied outside of + 3 standard deviations
from the mean (99%). These charts were presented on the basis of run time (days), which
demonstrates the amount of elapsed time the Canary has been continuously producing water.
This does not include unforeseen down time.

Laboratory Quality Control

Laboratory quality systems, which include quality assurance (QA) policies and all quality control
(QC) processes, were utilized in this research to ensure the quality of the analytical data
produced and to demonstrate the competence of the work. All reagents used were at least
Analytical Reagent (AR) grade for inorganic analyses, and AR (ACS) grade solvents for organic
analyses. Laboratory grade reagent water was used by distilling tap water using the
Barnstead/Thermolyne distillation unit. Glassware utilized in preparation of sample analysis
were rinsed at least three times each with tap water, deionized water and with ACS grade 1:1
hydrochloric acid. Sample bottles were also cleaned in a similar fashion, and in addition were
baked for at least two hours at 450oC and then slowly cooled to room temperature. In addition,
QA practices were instilled by analyzing sample replicates and spikes, inherently providing
analytical results which include accuracy and precision measurements.
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Precision
Precision is assessed by measuring a sample duplicate. The general acceptable criteria for
assessing precision are < 10% of relative standard deviation (RSD). To evaluate the precision of
routine sample analyses, the industrial statistic (I), shown in equation 4-1, was used.
I = | A – B | / (A + B)

(4-1)

A represents the duplicate value 1, and B is the duplicate value 2 (adapted from the Handbook
for Analytical Quality Control in Water and Wastewater Laboratories) (Environmental
Monitoring and Support Laboratory, U.S. EPA: Office of Research and Devlopment, 1979).
Upper control limits (UCL) and upper warning limits (UWL) were also determined in addition to
the I statistic. Common practice is to use the I statistic plus two standard deviations for the UWL
and plus three standard deviations for the UCL. These values are derived from stated or
measured values for reference materials (Eaton, Clesceri, Rice, & Greenberg, 2005). In applying
control charts inclusive of both the UCL and UWL and using the mean I statistic as a reference,
either of the two conditions deemed a duplicate sample non-compliant:

a. Any point beyond the control limit;
b. Two successive points exceeding the warning limit.

Table 4-3 presents the precision analysis results conducted for this research, including TOC,
calcium, strontium, and sulfate analyses. Figures 4-5, 4-6, 4-7 and 4-8 represent the control
charts for the corresponding analyses.
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The average value for I for TOC assessment was determined to be 0.023, indicating a low
variability (2.3%) between samples and the basis on the mean I statistic. When observing figure
4-5, only one sample exceeded the UWL, however, control was established afterward as not one
of the remaining duplicates exceeded consecutively. The UCL was not exceeded throughout
precision assessment.

As for calcium and strontium analyses (metals analysis), the average I values were determined to
be 0.015 and 0.009, respectively. These values indicate low variability (1.5% and 0.9%) relative
to the mean I statistic. In figure 4-6, satisfactory results for calcium analysis were observed as
not one of the duplicate samples exceed the UWL or UCL. In figure 4-7, only one sample
exceeded the UWL for strontium analysis, however, control was established afterward as not one
of the remaining duplicates exceeded consecutively. The UCL was not once exceeded.

The average value for I for sulfate assessment was determined to be 0.009, which is indicative of
a low variability (0.9%) between the duplicate samples and the mean I statistic. Also observed in
figure 4-8 is the control chart, of which only one duplicate sample exceeded the UWL. However,
the consecutive sample remained below the UWL, indicating satisfactory results.

Accuracy
In addition to precision control by assessment of duplicates, accuracy control was evaluated by
performing spikes on the samples. Accuracy is assessed through the determination of the percent
recovery (%R) of a spiked sample. For accurate results, the %R should remain within a range of
80% to 120%. Equation 4-2 represents the %R calculation for a laboratory-fortified matrix
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(LFM) sample, which is an additional portion of a sample to which known amounts of the
analytes of interest are added before sample preparation (spike).
%R = (LFM sample result – sample result) × 100%
Known LFM added concentration

(4-2)

With the use of equation 4-2, a table was produced to present the results of the accuracy
assessment for this research study. This table is illustrated in table 4-4. From the accuracy
assessment, it is noted that only four of the twenty samples violate the compliance range of 80%
to 120%. The remaining samples are within compliance range.

There are several reasons as to inaccuracy during lab analysis. These errors are evident in the Istatistic and the %R when calculated and should always be determined when performing
laboratory assessment as a preventative measurement of incompliant duplicates and spikes. One
common cause of incompliancy in precision and accuracy assessment is due to human error in
preparation of sample spikes or in volume readings during titration. Another possible source of
error may be related to lab equipment; such as gas leaks or improper calibration of TOC
machinery.
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Table 4-3: Laboratory Precision Analysis of TOC, Calcium, Strontium and Sulfate Duplicates

Set
Number

TOC (mg/L)
Dupe A

1
5.83
2
4.92
3
4.49
4
4.70
5
5.61
6
4.49
7
5.48
8
4.76
9
4.77
10
6.33
11
6.33
12
6.33
13
5.91
14
4.63
15
5.74
Average I
Standard Deviation

Calcium (mg/L)

Strontium (mg/L)

Sulfate (mg/L)

Dupe B

I

Dupe A

Dupe B

I

Dupe A

Dupe B

I

Dupe A

Dupe B

I

5.77
5.25
5.38
5.15
5.43
4.37
5.89
4.99
4.77
6.23
6.23
6.23
6.01
5.05
5.71

0.005
0.032
0.090
0.046
0.016
0.013
0.036
0.024
0.001
0.008
0.008
0.008
0.009
0.043
0.003
0.023
0.024

909.1
1234.5
971.1
1025.9
973.8
1170.5
1182.2
1066.0
933.0
1066.6
-

942.4
1180.1
993.9
1080.5
951.3
1139.4
1188.3
1078.5
895.6
1023.1
-

0.018
0.023
0.012
0.026
0.012
0.013
0.003
0.006
0.020
0.021
0.015
0.008

100.8
129.2
106.8
115.1
100.1
119.3
107.0
104.5
107.0
118.8
-

101.8
124.1
113.6
113.9
100.4
118.6
109.3
104.1
105.9
118.2
-

0.005
0.020
0.030
0.005
0.001
0.003
0.011
0.002
0.005
0.003
0.009
0.009

2827.3
4405.8
4342.1
4001.8
3950.0
4190.9
3622.6
3955.7
-

2860.4
4183.5
4323.9
4074.7
3993.2
4197.0
3699.7
4049.9
-

0.006
0.026
0.002
0.009
0.005
0.001
0.011
0.012
0.009
0.008

Upper Warning Limit (UWL)

0.070

0.030

0.027

0.025

Upper Control Limit (UCL)

0.094

0.038

0.037

0.033
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Figure 4-5: Control Chart for TOC Precision Analysis
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Figure 4-6: Control Chart for Calcium Precision Analysis
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Figure 4-7: Control Chart for Strontium Precision Analysis
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Figure 4-8: Control Chart for Sulfate Precision Analysis
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13

Table 4-4: Laboratory Accuracy Analysis of Sample LFM (Spikes)

Sample (mg/L)

Spike (mg/L)

5.48
4.76
4.63
5.83
4.49
5.13
4.87
18.7
18.2
21.3
0.50
0.65
0.53
0.46
0.60
88.1
72.4
79.1
56.5
73.6

2.0
2.0
2.0
2.0
2.0
10.0
10.0
10.0
10.0
10.0
0.25
0.25
0.25
0.25
0.25
10.0
10.0
10.0
10.0
10.0

Determined Value
(mg/L)
7.49
7.01
6.61
7.50
6.02
14.3
13.9
28.1
26.4
28.7
0.73
0.88
0.76
0.69
0.80
98.4
82.9
90.3
64.1
106

Average
Standard Deviation

% Recovery
101
113
99.0
83.4
76.5
91.5
90.0
94.3
81.8
74.3
91.3
94.3
92.2
92.1
80.2
103
104
112
76.0
324
103.6
53.0
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5.

RESULTS AND DISCUSSION
Overview

In this research study, the results for the design, fabrication and installation of a third-stage two
membrane element pressure vessel “canary” sentinel monitoring device (Canary) and its
effectiveness as an on-line scaling potential monitor during an RO process acid elimination are
presented. The Canary assembly was closely monitored through the normalized specific water
flux, an indicator of RO performance, as well as alternative parameters such as the ΔP across the
Canary, scaling indices (LSI and RSI) and flow-rates across the Canary membrane. As sensitive
deviations in pressure or flow significantly affect the Canary normalized specific flux (due to a
highly concentrated feed stream and conservative flux rate), careful examination of the second
stage normalized specific flux was also implemented. Water quality parameters were also closely
monitored for the Canary to determine if deterioration in quality occurred as the acid feed was
reduced.

Monitoring Results

The Canary normalized specific flux throughout the time-frame of the study is shown in figure 51. Also noted is the second stage specific flux, osmotic pressure and feed pressure. For ease of
comparison, the specific flux and osmotic pressure were integrated into one chart for observation
of relative trends occurring in both data sets. Each dark vertical line indicates an event (e.g., pH
change or membrane replacement) and the vertical gray solid or dotted lines indicate a chemical
cleaning of both the RO process and the Canary.
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Figure 5-1: Canary Normalized Specific Flux and Osmotic Pressure Chart
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pH 5.8 to 6.7
When the Canary was first installed and commissioned (June 28th, 2011, which is run time zero),
the feed pressure (which is approximately the concentrate pressure of the second stage) was
about 114 psi. The Canary concentrate pressure was 108 psi (figure 5-2). Between the pH
increments of 6.05 and 6.7, the feed pressure to the Canary had increased to about 122 psi and
the concentrate pressure to about 118 psi. The concentrate flow-rate, shown in figure 5-3, also
experienced an increase from 34.5 to about 36 gpm, and the permeate flow-rate had shown a
decrease from 5.5 gpm to about 4.5 gpm. These conditions may have been due to the isolation of
the Canary for a short period of time (approximately a few hours at a run time of 107 days), of
when a maintenance repair was being performed on the concentrate line. A significant decrease
in the specific flux is noted in this region, where it drops to 0.43 gal/ft2-day-psi from 0.66 gal/ft2day-psi. This isolation caused a period of stagnancy, which is believed to have caused some type
of chemical change in the concentrate stream. This was also observed by a decrease in the
Canary recovery, shown in table 5-1. The Canary recovery had dropped to 10.3% from a startup
recovery of 13.8%.
Table 5-1: Canary Unit Recovery
pH
5.8
6.05
6.3
6.5
6.7
6.9
7.1

Permeate Flow
(gpm)
5.5
5.5
5.5
5.5
4.0
2.5
4.5

Concentrate Flow
(gpm)
34.5
35.0
35.0
35.0
34.8
30.0
34.5
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Figure 5-2: Canary Pressure and Differential Pressure Chart
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However, the second stage specific flux showed no indication of performance loss (relatively
stable at 0.20 gal/ft2-day-psi), and another step down of acid feed was implemented (to pH of
6.7). The Canary flux showed no sign of recovery, remaining at an average of 0.38 gal/ft2-daypsi. Therefore, on the basis of these decreasing parameters, which are indicative of a loss of
performance in the membrane, chemical cleanings were initiated in an effort to increase the
specific flux to original productivity.

pH 6.7
The first chemical cleaning is indicated in figure 5-1 as a solid vertical gray line. A solid gray
line specifies a low pH powder cleaner (P303, Avista Technologies), which is used to remove
calcium carbonate scale deposits from spiral wound thin-film and cellulose acetate membranes.
No real indication of productivity restoration was noted either in the normalized specific flux nor
the pressures or flow-rates. Consequently, another type of cleaner was used two days after the
first cleaning, which is indicated in figure 5-1 as a dotted gray line. A dotted gray line specifies a
high pH liquid membrane cleaner (L811, Avista Technologies), which contains a proprietary
blend of buffers and low foaming surfactants and chelants to speed the dissolution of sulfate
scale from spiral wound thin-film membranes. After this cleaning, the specific flux did restore
productivity, increasing to about 0.62 gal/ft2-day-psi. Also noted are significant decreases in the
feed and concentrate pressures and a slight decrease in the concentrate flow.

These results led to another cleaning approximately 3 weeks later, using the same high pH liquid
cleaner (L811). Unfortunately, no restoration was observed after this cleaning in the Canary
normalized specific flux, and it continued to decrease to 0.45 gal/ft2-day-psi. Two additional
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cleanings were implemented four weeks after (one P303 and one L811 clean), as a part of routine
plant maintenance. These cleanings showed signs of productivity restoration, as the normalized
specific flux increased to as high as 0.8 gal/ft2-day-psi, and the feed and concentrate pressures
decreased to about 105 and 110 psi, respectively. However, during this same time period, the
full-scale process did not indicate a loss in performance.

pH 6.7 to 7.1
Prior to observing any restoration due to the fourth and fifth cleanings, a membrane autopsy was
performed in order to determine the cause of productivity decline. The Canary membranes were
removed and replaced with new elements (ESPA2), and one of the two used membranes was
submitted for autopsy. With new membranes in place, an experiment to run the Canary at a lower
normalized specific flux (less conservative) was performed. In order to produce a less
conservative normalized specific flux, the flowrates were adjusted to 2.5 and 30 gpm for the
permeate and concentrate, respectively (a recovery of 7.7%). However, this recovery was not
feasible as the normalized specific flux produced negative results, due to the osmotic pressure
overcoming the pressure feeding the membrane (figure 5-1). In an effort to recover the flux,
several flowrate adjustment combinations were attempted throughout a one month period in an
attempt to match the third stage permeate conductivity to the second stage permeate
conductivity. It was reasoned that by matching the conductivities of the permeate streams, the
TDS concentrations would begin to reflect similar values, thus resulting in comparable osmotic
pressures.

48

However, as no notable deviation was noted in the full-scale second stage specific flux, another
step down of acid feed (increase of pH to 6.9) was implemented, followed by another step down
in order to complete acid elimination (ambient pH of 7.1) about two weeks after. This was
accomplished by shutting off the acid feed pumps, resulting in the feed water returning to
ambient conditions, approximately at a pH of 7.1. After complete acid elimination, it was
determined for the Canary assembly that any recovery lower than 10.3% would result in a
negative specific flux, with respect to the hydraulic configuration and maximum provided feed
pressure from the variable frequency drive (VFD) pumps to the RO process. Consequently,
additional adjustments were implemented to re-establish productivity.

Post Acid Elimination
The Canary was adjusted to a permeate flow-rate of 4.5 gpm and a concentrate flow-rate of 34.5
gpm for an assembly recovery of 11.5%. Since post-acid elimination, the Canary had been
running at a normalized specific flux of approximately 0.82 gal/ft2-day-psi. The monitoring of
the Canary assembly concluded ninety days after complete elimination of the acid feed, for
observation of any significant changes in productivity.

Comparison of RSI and LSI
The LSI and RSI measurements derived from water quality parameters for the Canary assembly
are also used as indicators of the possible scaling conditions of the water. The LSI in particular,
is used by manufacturers to guide the use of feed water treatment chemicals (Ning & Netwig,
2001). By utilizing pH, TDS, calcium and alkalinity concentrations from the Canary, the LSI and
RSI were determined. In table 5-2, the Canary LSI and RSI were compared to the process train
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of which the Canary assembly was attached to from the full-scale RO process. These trends were
monitored throughout the acid elimination process. Similar trends are observed for both the LSI
and RSI; The LSI demonstrates a positive, increasing trend, indicating a shift from mild
corrosion potential to mild to moderate scale formation. The RSI calculations demonstrate a
decreasing trend, which would indicate a possible increase in scale tendency as the value
becomes less than six. However, the RSI for the full-scale train does not drop significantly below
six, remaining at 6.8 for the feed stream and 4.1 for the concentrate stream.
Table 5-2: Comparison of RSI and LSI Values
Canary Pressure Vessel
pH

5.8

6.05

6.3

6.5

6.7

6.9

7.1

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

LSI

0.32

0.3

0.54

0.77

0.98

1.11

1.03

1.2

1.37

1.5

1.19

1.25

1.46

1.55

RSI

6

5.9

5.6

5.2

5

4.8

4.9

4.6

4.5

4.3

4.4

4.3

4.1

3.8

Train C - RO Plant, Sarasota
pH

5.8

6.05

6.3

6.5

6.7

6.9

7.1

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

Feed

Conc.

LSI

-1.35

0.03

-1.08

0.52

-0.61

0.91

-0.5

0.99

-0.2

1.23

-0.77

0.81

0.12

1.7

RSI

8.7

6.3

8.3

5.6

7.7

5.1

7.6

5

7.2

4.7

8.0

5.7

6.8

4.1

Limiting Salt Determinations
The addition of acid in the pretreatment process mitigates the precipitation of calcium carbonate.
It was important to monitor the limiting salts (particularly calcium carbonate, strontium sulfate
and barium sulfate) to determine whether or not their precipitation would lead to scaling. Tables
5-3, 5-4 and 5-5 list the concentrations of each constituent that contribute to the concentration of
the limiting salt, and their recoveries (r) and rejection rates (x) throughout the acid elimination
process. After observing the recovery rates for the three potential limiting salts, it was
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determined that in each pH increment, strontium sulfate would dominate as the limiting salt, as
its recovery was the most negative in every phase. Barium sulfate was also found to have
negative recoveries throughout the acid elimination phase. The precipitation of sulfate based
scaling can be mitigated through the use of a dispersant.

Calcium carbonate was not observed to have a negative recovery until a pH of 6.3 was achieved.
The dissociation constant of carbonate from this point has been exceeded (pKa of 6.33) and an
increased negative recovery was observed.
Table 5-3: Limiting Salt Calculations for Calcium Carbonate (CaCO3)
Calcium Carbonate (CaCO3)
pH

5.8

6.05

6.3

6.5

6.7

6.9

7.1

Ca2+ (mg/l)

977

999

1071

915

939

934

966

CO32- (mg/l)

0.003

0.007

0.016

0.033

0.063

0.108

0.195

Rejection (x)
Recovery (r.)

0.44
0.56

0.72
0.28

1.13
-0.13

1.50
-0.50

2.10
-1.10

2.75
-1.75

3.75
-2.75

Table 5-4: Limiting Salt Calculations for Strontium Sulfate (SrSO4)

5.8

Strontium Sulfate (SrSO4)
6.05
6.3
6.5

6.7

6.9

7.1

101

91.0

100.0

108

104

102

111

SO4 (mg/l)

3926

3389

3686

3542

3589

2878

3680

Rejection (x)
Recovery (r.)

8.20
-7.20

7.23
-6.23

7.92
-6.92

8.07
-7.07

7.98
-6.98

7.05
-6.05

8.33
-7.33

pH
2+

Sr (mg/l)
2-
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Table 5-5: Limiting Salt Calculations for Barium Sulfate (BaSO4)
Barium Sulfate (BaSO4)
pH

5.8

6.05

6.3

6.5

6.7

6.9

7.1

Ba2+ (mg/l)

0.043

0.047

0.049

0.047

0.045

0.045

0.047

SO42- (mg/l)

3926

3389

3686

3542

3589

2878

3680

Rejection (x)
Recovery (r.)

7.63
-6.63

7.38
-6.38

7.90
-6.90

7.53
-6.53

7.47
-6.47

6.64
-5.64

7.71
-6.71

Post-Treatment Monitoring
Post-treatment water quality parameters for the Canary assembly were also monitored for
significant increases in turbidity (elemental sulfur) and pH. Complete water quality trends are
shown in tables 8-1 through 8-7, or for a summary of pH and turbidity, in tables 5-6 and 5-7,
respectively. An increase in pH, which was expected with the removal of sulfuric acid, was
observed in the Canary feed, permeate and concentrate streams. In the permeate stream, the pH
increased from 5.82 pre-acid elimination to 6.61 post-acid elimination, respectively. Also noted,
the pH in the feed (second stage concentrate), increased from 6.44 pre-acid elimination to 7.49
post-acid elimination.
Table 5-6: pH Monitoring of Canary throughout Acid Elimination
pH Increment
5.8
6.05
6.3
6.5
6.7
6.9
7.1

Canary Feed pH
6.44 + 0.09
6.66 + 0.05
7.00 + 0.07
7.10 + 0.17
7.24 + 0.03
7.31 + 0.06
7.49 + 0.05

Canary Permeate pH
5.82 + 0.12
5.90 + 0.01
6.02 + 0.05
5.96 + 0.14
6.11 + 0.01
6.24 + 0.16
6.61 + 0.15
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Canary Concentrate pH
6.46 + 0.08
6.76 + 0.05
7.06 + 0.09
7.15 + 0.16
7.25 + 0.02
7.29 + 0.01
7.47 + 0.04

There were no significant increases noted in the Canary turbidity except for in the concentrate
stream, where it peaked as high as 0.24 nephelometric turbidity units (NTU) at a pH increment of
6.9.
Table 5-7: Turbidity Monitoring of Canary throughout Acid Elimination
pH Increment
5.8
6.05
6.3
6.5
6.7
6.9
7.1

Canary Feed
Turbidity (NTU)
0.15 + 0.07
0.14 + 0.05
0.12 + 0.03
0.14 + 0.04
0.13 + 0.03
0.11 + 0.02
0.15 + 0.02

Canary Permeate
Turbidity (NTU)
0.08 + 0.02
0.10 + 0.01
0.09 + 0.02
0.06 + 0.03
0.09 + 0.01
0.09 + 0.02
0.10 + 0.03

Canary Concentrate
Turbidity (NTU)
0.14 + 0.06
0.15 + 0.06
0.14 + 0.03
0.13 + 0.04
0.12 + 0.02
0.24 + 0.12
0.16 + 0.03

Membrane Autopsy Results
In order to identify possible scale deposits which were observed to have occurred through the
observation of the normalized specific flux and limiting salt calculations, an autopsy (performed
by Avista Technologies) of one of the two Canary membrane elements was carried out using a
wet test, internal and external inspection, the Fujiwara test, dye testing and foulant analysis using
loss on ignition (LOI) analysis, membrane foulant density, microscope analysis, zeta potential
analysis and Fourier Transformed Infrared (FT-IR) analysis. Other tests included an Energy
Dispersive X-ray (EDX), scanning electron microscopy (SEM) and chromatic elemental imaging
(CEI).

Unfortunately, the LOI, membrane foulant density, microscope analysis and zeta potential
analyses were unable to be performed due to lack of foulant material on the membrane. The FT-
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IR analysis located only weak bands associated with organic material and some interference
from the membrane backing, further confirming the lack of foulant material. The EDX analysis
found only trace amounts of clay (aluminum silicate) on the membrane surface, and other
constituents (carbon and sulfur) weight percentage discovered were due to the membrane surface
itself. The SEM image only displayed a membrane surface with minimal particles. Further
confirming the lack of foulant material, the CEI analysis displayed no particles other than the
particles composing the membrane surface.

The Fujiwara test, a qualitative test used to confirm the presence of oxidizing halogens such as
chlorine, bromine or iodine by determining whether these halogens have become part of the
polymer structure through oxidative attack, produced negative results. This is shown in figure 54. Example of the color change observed during a typical Fujiwara test is shown, where a
negative result is on the left and a positive result (any color change at all) on the right.

Figure 5-4: Typical Fujiwara Test Results

The dye test, an analysis to determine physical damage on a membrane, utilizes clean flat sheet
samples that are exposed to dye in a cell test apparatus (CTA) at 100 psi for 15 minutes. If a
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membrane is physically and/or chemically damaged, the membrane will absorb the dye on the
surface; further absorbance into the membrane backing indicates several physical and/or
chemical damage. The Canary membrane showed even dye uptake on the surface, but no dye
penetration through the backing, as observed in figure 5-5. This indicates that the membrane may
have been chemically damaged due to recurrent cleaning frequencies performed throughout the
acid elimination.

Figure 5-5: Dye Test indicative of Dye Absorption on Membrane Surface

Physical inspection of the membrane interior and exterior indicated that there was no sign of
physical damage to the fiberglass casing, brine seal, permeate tube, feed spacers, permeate
spacers and glue lines.

55

6.

CONCLUSIONS

In order to reduce the amount of sulfuric acid consumed by municipal RO water purveyors that
rely on RO processes for the treatment of brackish groundwater supplies, an investigation was
conducted to determine whether a Canary assembly could aid process operators in the detection
of scaling in a controlled manner as a means to protect full-scale processes. The elimination of
sulfuric acid is perceived to provide benefits to water purveyors in terms of reduced costs and
increased safety. As many water purveyors are investigating these alternatives, the use of sulfuric
acid has been incrementally phased out of pretreatment processes where possible in order to
assure that an RO process is capable of producing comparable water quality while eliminating
the use of acid. Methods to monitor these systems have been implemented for preservation of
membrane integrity.

The Canary scale monitor assembly, a two membrane element pressure vessel which acts as a
third stage, served as a tool that encompassed the ability to detect scaling without placing at risk
the production of a full-scale WTP. It also aided in optimizing chemical cleaning procedures for
scaling, as well as identifying cleaning frequencies due to the Canary’s sensitivity to flow and
pressure changes, as well as through consistent monitoring of water transport and process
performance such as the normalized specific flux. The Canary did respond adversely to stagnant
flow conditions, representing its sensitivity to fouling. Subsequent cleanings of the Canary
removed foulant yet the membrane may have been damaged in the process of aggressive
cleanings.
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In this study, the Canary assembly effectively sensed a decrease in membrane performance prior
to observations of operation impacts in the second stage of the RO process. This was due to the
conservative rate at which the Canary assembly produced permeate water as compared to the
full-scale second stage permeation rate. Slight deviations in flow or pressure was found to cause
variation in production (specific flux) of the Canary, as the mass transfer was measured over two
membrane elements as opposed to six elements in each pressure vessel of the second stage of the
full-scale process. This is due to the short length of the two membranes from which the specific
flux was being measured. These deviations in production were observed throughout the acid
elimination study, and were compared to the second stage of the process to confirm that no
scaling or fouling incidences were occurring as the pH of the RO feed water was increasing.
Other parameters that were monitored for performance quality were the feed, permeate and
concentrate pressures, ΔP, water quality parameters including pH, turbidity and conductivity, and
flow-rates. The osmotic pressure was calculated and monitored for comparison to the feed
pressure. The Canary was also monitored prior to acid elimination and post-acid elimination
from the full-scale process in order to provide a baseline condition against which to compare
performance, and to provide an indication that the integrity of the process was not compromised
due to unanticipated events.

Physical or chemical damage to the RO process was avoided prior to and after acid elimination
procedures as a result of the Canary assembly’s configuration, which allowed it to scale prior to
the second stage of the full-scale process. If a decrease in the normalized specific flux (as well as
an increase in concentrate flow, feed pressure, concentrate pressure and decrease in recovery)
was observed, chemical cleanings were implemented in order to maintain full-scale production.
57

The value of the Canary assembly lies within its ability to determine the limits of the full-scale
RO process. The Canary can be considered a form of insurance, as it allows for the preliminary
identification of scaling within the assembly prior to the detection of scaling in the full-scale
process at each pH increment evaluated.
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7.

RECOMMENDATIONS

It is important to investigate alternative treatment technologies that are also cost effective in
order to maintain the quality of the feed and permeate water without the use of acid. This may
include alternative monitoring methods being used in other WTPs, or the addition of carbonic
acid into the RO permeate stream for pH adjustment as the pH is no longer being suppressed by
the injection of sulfuric acid. As demonstrated after acid elimination, the Canary and the RO
process maintained comparable finished water quality; however, the finished water quality can
be improved through the investigation of more advanced scale inhibitor chemistry. This will also
aid in the mitigation of sulfate scaling, which the potential for scaling was observed through the
limiting salt calculations of strontium sulfate and barium sulfate.

The Canary assembly was monitored prior to and post-acid elimination for the observation of
unanticipated events or for a loss of production. As no significant events were observed and the
RO process maintained normal production, it was recommended that monitoring cease after a
ninety day period post-acid elimination from the full-scale RO process. The Canary was not
required to move forward with full-scale production, as the results have conclusively shown that
no scaling had occurred in the RO process without the use of sulfuric acid in the pretreatment
process. However, the Canary assembly may be needed for further monitoring of scaling
conditions if there is a change in scale inhibitor, as the current choice of scale inhibitor is
effective given the current conditions in the WTP.
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Improvements to the Canary assembly in future investigations of water quality impacts on an RO
process without the use of acid may be dependent on the limits of the particular WTP. However,
effective improvements for a more direct influence on the production of the Canary assembly
may include:
•

Tapping onto more membrane elements in the second stage of the RO process. This
significantly improves the manageability of the flow entering the assembly. If the VFD
capacity is maxed out to the RO process, the need to max out the feed valve (in terms of
valve rotations) will not be necessary as such a large volume will be provided to the
assembly. This will only require minimal turns to achieve the desired specific flux.
Figure 7-1 demonstrates the current Canary assembly connection to two of the second
stage membrane elements on a process train (boxed in). The arrows indicate the flow
pattern through the piping from the second stage elements to the Canary assembly.

Figure 7-1: Canary Piping Configuration onto Two Second Stage Pressure Vessels
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Figure 7-2 illustrates the additional connections that can be made in order to provide
more feed water to the Canary assembly. The arrows indicate additional second stage
membranes above the membranes already connected to the Canary assembly which can
be tapped into, and the connected arrows indicate the potential flow pattern that would
exist if connected to the Canary assembly. The membranes within the pressure vessels to
the left are not available as those are a part of the first stage.

Figure 7-2: Additional Second Stage Membranes Attachments

The Canary assembly shows promise as an effective tool in monitoring the scaling and fouling
potential of an RO process with reduced/eliminated acid pretreatment. Other viable alternatives
or enhancements to theories such as the Canary assembly may be available due to the increasing
popularity of acid-less pretreatment.
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8.

APPENDIX: WATER QUALITY

The Appendix contains water quality data collected for the Canary before, during and after the
acid elimination phase. As noted, pH, conductivity, temperature, turbidity, TDS and TSS
analyses were conducted on a more frequent basis (weekly) as opposed to chloride, sulfate, TOC,
total alkalinity, metals and sulfide analyses which were only performed at least once during each
pH increment phase. This was implemented in order to gain a characteristic view of the full-scale
process during each pH increment increase (and comparable acid addition decrease), as these
analyses were performed for the Canary, raw groundwater, RO process, IX process and posttreatment processes.
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Table 8-1: Water Quality for Canary at pH = 5.8 (6/7/11 – 7/5/11)
Parameter

Units

pH

Canary Feed

Canary Permeate

Canary Concentrate

6.44 + 0.09

5.82 + 0.12

6.46 + 0.08

Temp

°C

29.3 + 0.71

29.17 + 0.56

29.43 + 0.56

Turbidity

NTU

0.15 + 0.07

0.08 + 0.02

0.14 + 0.06

Conductivity

µS/cm

11075.6 + 406.79

139.07 + 14.17

12322.50 + 482.78

TOC

mg/L

4.53 + 0.44

< 0.1

5.66 + 1.75

SO42-

mg/L

3926.14 + 147.5

3.93 + 0.43

4316.22 + 121.04

Cl-

mg/L

1994.12 + 55.1

< 0.1

2240.83 + 40.56

Alkalinity

mg/L as CaCO3

149.4 + 4.81

20.30 + 2.09

168.36 + 7.35

Ca

mg/L

977.3 + 29.51

0.32 + 0.04

1050.15 + 55.94

Mg

mg/L

498.53 + 12.67

0.23 + 0.01

536.85 + 28.32

Sr

mg/L

100.87 + 0.74

0.04 + 0.01

114.58 + 0.72

Ca Hardness

mg/L as CaCO3

2438.5 + 73.64

0.79 + 0.10

2620.26 + 139.58

Total Hardness

mg/L as CaCO3

4604.76 + 122.73

1.80 + 0.11

4959.82 + 254.96

Si

mg/L

87.19 + 0.96

0.59 + 0.01

95.32 + 5.10

K

mg/L

19.53 + 2.33

0.76 + 0.01

20.62 + 4.13

Na

mg/L

980.36 + 18.03

21.25 + 0.19

1093.21 + 27.25

Ba

µg/L

43.20 + 0.29

< 10

49.55 + 4.89

Mn

µg/L

0.35 + 0.06

< 10

0.50 + 0

Fe

µg/L

< 10

< 10

< 10

TDS

mg/L

9071.93 + 322.97

76.9 + 9.74

10189.79 + 262.90

TSS

mg/L

11.54 + 3.39

0

10.79 + 1.95

Sulfide

mg/L as S2-

1.60 + 0.22

2.14 + 0.15

1.86 + 0.39
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Table 8-2: Water Quality for Canary at pH = 6.05 (7/5/11 – 8/1/11)
Parameter

Units

pH

Canary Feed

Canary Permeate

Canary Concentrate

6.66 + 0.05

5.9 + 0.01

6.76 + 0.05

Temp

°C

29.3 + 0.96

29.13 + 0.78

29.54 + 0.84

Turbidity

NTU

0.14 + 0.05

0.10 + 0.01

0.15 + 0.06

Conductivity

µS/cm

11100.0 + 87.18

130.47 + 3.09

12412.0 + 106.16

TOC

mg/L

5.25 + 0.13

< 0.1

5.68 + 0.16

SO42-

mg/L

3389.44 + 68.24

4.42 + 1.27

3937.74 + 62.48

Cl-

mg/L

1959.89 + 62.52

< 0.1

2324.36 + 121.42

Alkalinity

mg/L as CaCO3

222.9 + 0

18.37 + 0.53

245.97 + 2.04

Ca

mg/L

999.11 + 26.88

0.23 + 0.04

1145.29 + 22.83

Mg

mg/L

504.96+ 19.42

0.11 + 0.0

576.3 + 7.31

Sr

mg/L

90.84 + 3.59

0.04 + 0.0

99.35 + 33.96

Ca Hardness

mg/L as CaCO3

2492.91 + 67.06

0.58 + 0.10

2857.66 + 113.16

Total Hardness

mg/L as CaCO3

4674.17 + 142.87

1.10 + 0.09

5342.14 + 113.16

Si

mg/L

93.37 + 0.47

0.64 + 0.03

104.55 + 2.29

K

mg/L

43.17 + 7.34

0.77 + 0.01

39.52 + 2.08

Na

mg/L

1030.98+ 64.35

22.93 + 0.04

1220.09 + 142.71

Ba

µg/L

46.83 + 0.50

1.04 + 0.16

52.76 + 0.37

Mn

µg/L

1.51 + 0.01

0.46 + 0.06

1.65 + 0.02

Fe

µg/L

4.45 + 0.58

0.89 + 0.66

5.89 + 0.91

TDS

mg/L

8850.50 + 123.24

46.33 + 3.51

10035.50 + 110.38

TSS

mg/L

11.83 + 1.94

0

14.35 + 5.66

Sulfide

mg/L as S2-

1.56 + 0.21

1.86 + 0.07

1.41 + 0.20
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Table 8-3: Water Quality for Canary at pH = 6.30 (8/1/11 – 8/26/11)
Parameter

Units

pH

Canary Feed

Canary Permeate

Canary Concentrate

7.0 + 0.07

6.02 + 0.05

7.06 + 0.09

Temp

°C

28.73 + 0.19

28.53 + 0.25

28.72 + 0.16

Turbidity

NTU

0.12 + 0.03

0.09 + 0.02

0.14 + 0.03

Conductivity

µs/cm

11535.0 + 211.11

127.17 + 3.42

12762.0 + 241.18

TOC

mg/L

6.08 + 0.11

0.80 + 0.07

6.61 + 0.14

SO42-

mg/L

3686.05 + 102.60

2.99 + 0.43

4194.98 + 3.57

Cl-

mg/L

2161.28 + 85.08

0.83 + 1.17

2452.07 + 124.76

Alkalinity

mg/L as CaCO3

286.91 + 1.40

14.51 + 0.0

323.18 + 3.69

Ca

mg/L

1071.23 + 6.49

0.18 + 0.0

2410.16 + 2121.55

Mg

mg/L

531.16 + 3.21

0.10 + 0.0

1189.49 + 1041.97

Sr

mg/L

100.17 + 7.19

0.04 + 0.0

96.72 + 19.86

Ca Hardness

mg/L as CaCO3

2672.87 + 16.19

0.44 + 0.01

6013.67 + 5293.56

Total Hardness

mg/L as CaCO3

4972.61 + 25.32

0.91 + 0.02

11018.08 + 9558.0

Si

mg/L

22.10 + 0.04

0.60 + 0.0

24.49 + 1.06

K

mg/L

34.98 + 0.78

0.69 + 0.03

38.34 + 0.66

Na

mg/L

1094.48 + 28.86

21.84 + 1.52

1231.53 + 65.38

Ba

µg/L

49.33 + 0.90

1.03 + 0.20

55.60 + 0.11

Mn

µg/L

1.55 + 0.06

0.41 + 0.01

1.63 + 0.03

Fe

µg/L

4.44 + 0.53

< 10

4.09 + 0.09

TDS

mg/L

9024.25 + 89.80

54.83 + 6.25

10130.30 + 186.26

TSS

mg/L

11.37 + 1.61

0.33 + 0.29

12.35 + 2.33

Sulfide

mg/L as S2-

1.60 + 0.06

1.94 + 0.15

0.95 + 0.12
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Table 8-4: Water Quality for Canary at pH = 6.50 (8/26/11 – 9/23/11)
Parameter

Units

pH

Canary Feed

Canary Permeate

Canary Concentrate

7.10 + 0.17

5.96 + 0.14

7.15 + 0.16

Temp

°C

28.67 + 0.72

28.47 + 0.38

28.95 + 0.79

Turbidity

NTU

0.14 + 0.04

0.06 + 0.03

0.13 + 0.04

Conductivity

µs/cm

11818.33 + 495.36

124.93 + 8.87

13020.00 + 599.72

TOC

mg/L

5.62 + 0.31

< 0.1

6.06 + 0.14

SO42-

mg/L

3541.63 + 210.59

2.63 + 0.15

3988.06 + 159.73

Cl-

mg/L

2320.24 + 32.14

24.76 + 0.23

2663.29 + 70.32

Alkalinity

mg/L as CaCO3

372.24 + 14.48

14.86 + 1.87

407.08 + 14.91

Ca

mg/L

915.30 + 18.78

0.21 + 0.02

1058.01 + 31.67

Mg

mg/L

477.55 + 12.24

0.15 + 0.0

1363.38 + 1150.80

Sr

mg/L

108.24 + 3.16

0.03 + 0.0

109.55 + 9.87

Ca Hardness

mg/L as CaCO3

2283.81 + 46.87

0.52 + 0.06

2639.88 + 79.03

Total Hardness

mg/L as CaCO3

4372.17 + 97.07

1.19 + 0.07

8374 + 4825.13

Si

mg/L

89.78 + 4.75

0.57 + 0.01

100.96 + 4.27

K

mg/L

35.64 + 4.82

0.69 + 0.03

46.31 + 9.29

Na

mg/L

1054.60 + 161.80

20.84 + 0.17

655.50 + 880.03

Ba

µg/L

46.65 + 1.83

1.09 + 0.09

52.86 + 2.15

Mn

µg/L

0.92 + 0.03

< 10

1.07 + 0.05

Fe

µg/L

2.64 + 0.21

< 10

3.07 + 0.07

TDS

mg/L

9048.90 + 382.56

48.67 + 8.50

10104.0 + 456.02

TSS

mg/L

12.65 + 3.71

0

18.33 + 3.19

Sulfide

mg/L as S2-

1.16 + 0.16

1.43 + 0.14

0.87 + 0.22
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Table 8-5: Water Quality for Canary at pH = 6.7 (9/23/11 – 2/3/12)
Parameter

Units

pH

Canary Feed

Canary Permeate

Canary Concentrate

7.24 + 0.03

6.11 + 0.01

7.25 + 0.02

Temp

°C

26.10 + 0.14

26.05 + 0.35

26.13 + 0.31

Turbidity

NTU

0.13 + 0.03

0.09 + 0.01

0.12 + 0.02

Conductivity

µs/cm

11635.0 + 35.36

154.65 + 1.63

13160.0 + 120.0

TOC

mg/L

4.82 + 0.19

0.09 + 0.02

5.05 + 0.17

SO42-

mg/L

3588.66 + 30.20

3.35 + 0.26

4013.23 + 50.41

Cl-

mg/L

2163.42 + 18.36

34.42 + 0.71

2418.40 + 29.70

Alkalinity

mg/L as CaCO3

447.88 + 1.72

15.78 + 1.72

500.07 + 4.86

Ca

mg/L

939.31 + 37.87

0.45 + 0.30

1063.17 + 38.51

Mg

mg/L

473.28 + 18.39

0.20 + 0.07

558.96 + 2.31

Sr

mg/L

104.40 + 0.44

0.05 + 0.0

118.29 + 0.52

Ca Hardness

mg/L as CaCO3

2343.71 + 94.50

1.14 + 0.76

2652.76 + 96.09

Total Hardness

mg/L as CaCO3

4410.09 + 170.65

2.01 + 1.04

5087.55 + 98.57

Si

mg/L

82.98 + 2.41

0.84 + 0.04

98.56 + 1.53

K

mg/L

38.51 + 5.94

0.93 + 0.07

44.41 + 2.56

Na

mg/L

1101.06 + 13.0

26.01 + 0.01

1257.75 + 33.88

Ba

µg/L

45.41 + 0.28

2.97 + 0.04

50.98 + 0.47

Mn

µg/L

0.28 + 0.04

< 10

0.34 + 0.02

Fe

µg/L

2.95 + 0.06

1.16 + 1.04

2.81 + 0.51

TDS

mg/L

8755.0 + 48.79

40.0 + 16.97

9863.33 + 302.49

TSS

mg/L

12.0 + 3.18

0

13.58 + 1.28

Sulfide

mg/L as S2-

0.89 + 0.0

1.29 + 0.0

0.89 + 0.0
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Table 8-6: Water Quality for Canary at pH = 6.9 (2/3/12 – 2/20/12)
Parameter

Units

pH

Canary Feed

Canary Permeate

Canary Concentrate

7.31 + 0.06

6.24 + 0.16

7.29 + 0.01

Temp

°C

26.63 + 0.32

26.40 + 1.27

26.8 + 0.14

Turbidity

NTU

0.11 + 0.02

0.09 + 0.02

0.24 + 0.12

Conductivity

µs/cm

11960.0 + 195.19

447.0 + 1.41

13055.0 + 77.78

TOC

mg/L

6.04 + 0.42

0.03 + 0.01

5.98 + 0.40

SO42-

mg/L

2877.75 + 61.04

3.56 + 0.11

3210.94 + 194.83

Cl-

mg/L

1821.22 + 66.62

104.29 + 4.76

2036.28 + 157.87

Alkalinity

mg/L as CaCO3

485.15 + 6.48

23.28 + 1.73

523.13 + 12.13

Ca

mg/L

933.83 + 21.78

1.52 + 0.04

1043.93 + 2.71

Mg

mg/L

478.62 + 12.79

1.52 + 0.04

529.56 + 5.28

Sr

mg/L

101.61 + 0.75

0.16 + 0.0

113.29 + 0.31

Ca Hardness

mg/L as CaCO3

2330.03 + 54.33

3.78 + 0.09

2604.73 + 6.76

Total Hardness

mg/L as CaCO3

4415.24 + 105.20

5.65 + 0.15

4812.83 + 28.84

Si

mg/L

86.0 + 2.57

3.60 + 0.08

92.23 + 7.86

K

mg/L

33.58 + 0.95

2.99 + 0.01

38.54 + 1.45

Na

mg/L

1101.87 + 3.30

80.86 + 0.80

1239.09 + 7.86

Ba

µg/L

44.73 + 0.09

1.90 + 0.01

48.38 + 0.54

Mn

µg/L

1.68 + 0.02

0.81 + 0.01

1.80 + 0.01

Fe

µg/L

3.67 + 3.94

< 10

1.86 + 0.97

TDS

mg/L

9259.67 + 67.38

183.0 + 5.66

10251.0 + 98.99

TSS

mg/L

15.0 + 3.12

0

16.95 + 7.50

Sulfide

mg/L as S2-

0.82 + 0.0

0.93 + 0.0

0.82 + 0.0
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Table 8-7: Water Quality for Canary at pH = 7.1 (2/20/12 – 5/8/12)
Parameter

Units

pH

Canary Feed

Canary Permeate

Canary Concentrate

7.49 + 0.05

6.61 + 0.15

7.47 + 0.04

Temp

°C

27.87 + 0.21

27.78 + 0.30

27.60 + 0.35

Turbidity

NTU

0.15 + 0.02

0.10 + 0.03

0.16 + 0.03

Conductivity

µs/cm

12386.67 + 358.52

1037.0 + 1410.89

14320.0 + 304.14

TOC

mg/L

5.32 + 1.66

0.04 + 0.04

5.65 + 0.86

SO42-

mg/L

3679.68 + 32.07

3.42 + 0.01

4312.15 + 115.21

Cl-

mg/L

2450.02 + 70.42

90.33 + 7.86

2898.11 + 90.71

Alkalinity

mg/L as CaCO3

552.80 + 4.5

20.85 + 6.58

623.74 + 6.53

Ca

mg/L

966.05 + 71.81

0.84 + 0.07

1153.48 + 97.10

Mg

mg/L

495.10 + 34.14

0.25 + 0.02

581.97 + 44.51

Sr

mg/L

111.01 + 4.35

2.37 + 0.08

126.28 + 2.59

Ca Hardness

mg/L as CaCO3

2410.42 + 179.17

2.10 + 0.17

2878.09 + 242.27

Total Hardness

mg/L as CaCO3

4574.13 + 322.87

3.25 + 0.26

5416.66 + 426.90

Si

mg/L

81.89 + 2.33

2.37 + 0.08

91.17 + 3.01

K

mg/L

34.86 + 2.21

2.00 + 0.17

38.62 + 1.32

Na

mg/L

1082.96 + 110.14

59.08 + 5.44

1395.55 + 80.01

Ba

µg/L

47.13 + 4.22

1.62 + 0.49

54.87 + 5.30

Mn

µg/L

1.72 + 0.07

0.88 + 0.27

1.91 + 0.02

Fe

µg/L

8.76 + 6.07

< 10

1.39 + 0.13

TDS

mg/L

9530.0 + 357.44

135.25 + 43.49

10980.67 + 537.03

TSS

mg/L

23.83 + 6.90

0

17.08 + 7.08

Sulfide

mg/L as S2-

0.82 + 0.18

1.29 + 0.16

0.82 + 0.0
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